[1] New analyses of teleseismic body waves from moderate earthquakes in western Argentina demonstrate that active shortening of the Andean foreland occurs on reverse faults extending to 40-50 km depth. Existing crustal-scale models of foreland deformation invoke thin-skinned fault geometries, which root into an east-dipping mid-crustal décollement. Whereas thin-skinned thrust sheets dominate shallow-crustal structure, seismological and geological data illustrate that planar reverse faults and pure-shear deformation involving more than 75% of the crust characterizes this thick-skinned structural province.
Introduction
[2] Deformation in foreland fold-and-thrust belts commonly shifts from shallow, thin-skinned faults to deep, thick-skinned structures in time and space [Wiltschko and Dorr, 1983] . The observation that thin-skin (shallow) thrust faults root into a dipping basal décollement implies that simple shear characterizes the strain at the wholeorogen scale. A simple shear strain-state is also commonly inferred for Laramide-style structural provinces; thickskinned reverse-faulted regions found along the foreland periphery of thrust belts [Erslev, 1993; Oldow et al., 1989] . Few direct data, however, constrain fault geometries at the crustal-scale. Earthquakes in active Laramide-style provinces provide constraint on the style of deep deformation.
[3] In this paper, we present a new model for active thickskinned deformation of the Sierras Pampeanas structural province in western Argentina, the type-example of active Laramide-style deformation [Jordan and Allmendinger, 1986] . The model reconciles a new analysis of teleseismic body waves from the Ms = 7.4, 11 June, 1944 San Juan earthquake [Castellanos, 1945] , recent earthquakes, and regional geologic relationships. Source parameters of the 1944 San Juan and other earthquakes indicate that planar active faults extend to 40-50 km, which favors a wholecrust pure shear model for Laramide-style orogenesis.
Seismicity and Active Tectonics of Northwest Argentina
[4] The Sierras Pampeanas lie above the flat slab segment of the Nazca Plate [Cahill and Isacks, 1992] . Structure to the west comprises the east-vergent thin-skinned central Precordillera (Figure 1 ) [Ramos et al., 2002] . A structural province of mixed thin-and thick-skinned faults, the eastern Precordillera, separates the two provinces [Fielding and Jordan, 1988; Zapata and Allmendinger, 1996] . Existing models offer a variety of interpretations of the crustal-scale architecture of the active faults. In most models mapped surface faults decrease dip with depth [e.g., Jordan and Allmendinger, 1986; Zapata and Allmendinger, 1996] , which root into a speculative low-angle décollement at 15 to 30 km depths in another group of models [Alvarado and Beck, 2006; Ramos et al., 2002; Siame et al., 2002] .
[5] Seismicity, dominated by reverse faulting mechanisms, occurs to depths greater than 40 km under the eastern Precordillera and Sierras Pampeanas (Figure 1 ) [Alvarado et al., 2005; Smalley et al., 1993] . Surface deformation associated with moderate earthquakes in 1977 and 1944 consisted of fold growth and limited slip on secondary faults Meigs et al., 2006] . Whereas the 1977 Caucete earthquake sequence is consistent with regional seismicity , the shallow 11 km depth of the 1944 event [Alvarado and Beck, 2006] seems atypical.
Source Parameters of the 1944 San Juan Earthquake
[6] We modeled long-period teleseismic body waveforms to independently determine the depth, moment, and focal mechanism of the 1944 event (Table S1 in Text S1 in the auxiliary material) [Nabelek, 1984] .
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[7] Four stations at epicentral distances between 30°and 90°(required for the modeling) provided excellent teleseismic P and SH records (Table S2 in Text S1 and Figure 2 ). Theoretical seismograms were computed by assuming a point source using Shearer et al.'s [2002] velocity model (Table S3 in Text S1) and attenuation parameter t* = 0.70 s for P waves and t* = 4.5 s for SH waves. Synthetic waveforms were fit in a least-squares sense to the observed displacement waveforms to determine the best-fitting double-couple source ( Figure 2 ). Converting seismograms to displacement is crucial for obtaining stable results.
[8] We performed a number of inversions to investigate the stability of the results. A 30-s-long source time function parameterization enabled unbiased source depth estimates in the presence of a potentially complex source time history. The 4 SH waves, which, except for CHR, are close to nodal, provide strong constraint on the source mechanism and depth (particularly PAS (Figure 2a) ). The centroid mechanism indicates a Mw 6.9 dip-slip event with a small strikeslip component; one nodal plane (P1) strikes to 364°84 and dips 47°E and the other nodal plane (P2) strikes to 208°and dips 52°W (Table S1 in Text S1). The source time function reveals a ∼6 s-long simple impulsive event. A well-resolved centroid depth of 25 km is consistent with both the P and SH waveforms (Figures 2a and 3) . A 25 km depth compares well with other moderate earthquakes and microseismicity regionally ( Figure 1 ) [Alvarado et al., 2007; Smalley et al., 1993] .
[9] Alvarado and Beck [2006] argue that the 1944 event had an 11 km depth and northeast-and northwest-striking nodal planes on the basis of P wave velocity seismograms. In order to compare approaches, we inverted the original P velocity seismograms as well. Depths between 5 and 12.5 km are essentially indistinguishable from a 25 km depth based on inversion of the velocity records (Figure 3) . To match the waveforms, the solutions in the 5 to 12.5 km depth range require a complicated source time function. P-only inversions exhibit 90°rotation in fault strike as the centroid depth decreases from 25 to 5 km (Figure 3 ). These ambiguities arise because of the difficulties associated with distinguishing depth phases (pP, sP) from potential source time function complexity in velocity-based inversions. Use of displacement seismograms and the SH waves greatly stabilizes the inferred depth and the focal mechanism. The SH wave at PAS shows the best visual evidence that the event is not shallow (Figure 2 ).
Implications of Argentine Seismotectonics for Laramide-Style Deformation
[10] Candidate source faults of the 1944 earthquake include the east-dipping La Laja fault, because it slipped in the 1944 event [Groeber, 1944; Harrington, 1944] , the eastdipping range-front thrust fault system bounding the western flank of the Eastern Precordillera [Siame et al., 2002] , and a northwest-dipping fault identified from microseismicity (Figures 1 and 4a) [Smalley et al., 1993] . Neither the La Laja fault nor the range front fault, crustal faults that root into a shallow décollement (Figure 4a) , likely represent the direct up-dip continuation of the seismogenic fault. The La Laja fault is a secondary flexural-slip fault [Costa et al., 1999; Meigs et al., 2006] and its strike differs by ∼45°f rom the earthquake nodal plane strikes. Except for local flexural slip faulting with minor vertical offset, the range front thrust system does not cut surficial deposits [Meigs et al., 2006; Schiffman, 2007] . Clearly, thin-skinned thrusts at the surface do not connect in a simple way to the earthquake source region.
[11] A blind reverse fault model for the 1944 event reconciles surface geology and seismologic observations. The impulsive 6 s source time function implies that the initial coseismic rupture did not reach the surface. If subsequent non-seismic process at shallow depths distributed the coseismic slip, a simple calculation using the seismic moment and fault dimensions shows that the expected slip . Secondary faults like the La Laja fault, which indicate active folding, occur within the limbs of the monoclines. If the location and geometry of active folds at the surface identifies the location of blind faults at depth, field data and microseismicity favor a simple blind, planar, and west-dipping fault that extends up-and down-dip from the 25 km centroid depth (Figure 4b ) [Meigs et al., 2006; Smalley et al., 1993] . A west dip implies the epicenter lies to the west of San Juan (Figures 1 and Table S2 in Text S1) [Gutenberg and Richter, 1954] . If the epicenter is located near or to the east of San Juan (Figure 1 ) [Alvarado and Beck, 2006] , the source fault dips east and extends below the western edge of the Sierras Pampeanas province (Figure 4b) .
[12] Source parameters suggest that the Caucete earthquake sequence in 1977 and the 1944 event were similar (Figure 1 ). Pure thrust events characterize the 1977 foreshock and main shock, which originated beneath Pie de Palo [Chinn and Isacks, 1983; Kadinsky-Cade, 1985; Triep, 1984] . Nodal planes for the foreshock (Ms = 6.8, ∼17 km depth) and the main shock (Ms = 7.3, ∼25 km depth) dip at 35°-50° (Figure 1 ), although it is unclear whether the earthquake fault dips east or west Langer and Hartzell, 1996] . Elastic dislocation modeling of the 1.2 meters of coseismic uplift indicates rupture from 17 to 30 km depth in the main shock . Both the 1977 and the 1944 earthquakes occurred on planar blind thrust faults extending depths < 10 km to > 40 km at dips between 35°and 45° (  Figure 4b ).
[13] Owing to their presence along the periphery of foldand-thrust belts [Rodgers, 1987] , structural interpretations of Laramide-style basement faults often invoke a midcrustal low-angle décollement at depth [Erslev, 1993] . An earthquake centroid represents a slip-weighted average from which coseismic slip extends up-and down-dip by roughly equal amounts. Fault plane rupture in the 25 km-deep M 6.9 1944 earthquake, for example, would occur ∼10 km up-and . Black tick mark indicates the onset of the direct SH phase, which is nodal at this station. The later-arriving larger pulse is the reflected shSH phase. Blue line shows the fit for a source centroid at 25 km depth and red line for a source centroid at 11 km depth. The predicted arrival for the centroid at 11 km arrives about 5 s earlier than observed. Figure 3 . Misfit variance and source mechanism for three alternative inversions: inversion of P and SH low-frequency displacement seismograms (curve A); inversion of P wave low-frequency displacement seismograms (curve B); inversion original unfiltered velocity seismograms (curve C). Including both P and SH displacement waveforms stabilizes the mechanism and improves the depth resolution. See text for discussion. down-dip from the centroid depth [Wells and Coppersmith, 1994] . The centroid depths of moderate-magnitude earthquakes in our study region range from 6 to 49 km and are typified by nodal planes with 30°to 50°dips (Figure 1) , which implies active faulting extends across the crust at moderate dips rather than localized on a shallowly-dipping décollement in the mid-crust (Figure 4b) .
[14] A crustal-scale model where planar faults extend into the lower crust at moderate dip angles indicates that active Laramide-style deformation in western Argentina occurs via pure-shear crustal shortening (Figure 4c ). Geophysical data reveal similar basement-involved fault geometries in Papua New Guinea, Iran, and the western U.S. [Abers and McCaffrey, 1988; Berberian, 1995; Jackson, 1980; Smithson et al., 1978] . Neither listric geometries nor a regional décollement are consistent with moderately east and west dipping nodal planes on events as deep as 50 km (Figure 1) . Given that the crust is ∼55 km thick in the region of the 1944 and 1977 earthquakes [Alvarado et al., 2007] , more than 75% of the crust is deforming by seismic faulting on east-and westdipping faults. A ∼50 km-thick seismogenic crust implies a mafic composition, which is consistent with seismic velocity data [Alvarado et al., 2005] . It should be stressed that crustal pure shear can occur in synchrony and independently of foldand-thrust belt simple shear of the upper crustal (Figure 4c ). Laramide-style shortening in the foreland occurs in response to overthickening of the crust in the thin-skinned thrust belt to the west [Molnar and Lyon-Caen, 1988] , eliminating any need for structural linkage between Laramide and thinskinned structures at depth beneath the orogen. [Alvarado and Beck, 2006; Ramos et al., 2002; Siame et al., 2002] . Caucete earthquake foreshock (1977F) and main shock (1977m) [Kadinsky-Cade, 1985] and eastern (asterisk) and western (double asterisk) alternatives for the 1944 San Juan earthquake (light grey symbols) marked. Surface geology modified from [Cristallini and Ramos, 2000; Meigs et al., 2006; Ramos et al., 2002] . EPC, Eastern Precordillera; PC, Precordillera; PdP, Pie de Palo; SJ, San Juan. (b) Planar fault interpretation [modified from Kadinsky-Cade et al., 1985] . (c) Lithospheric scale crosssection contrasting fold-and-thrust belt simple shear strain with planar Laramide-style reverse faulting that implies pure shear strain and distributed lower crustal deformation (cross-hatch). Pure shear thickening of the seismogenic crust is likely accommodated in the lower crust by thickening or flow.
